Abstract-This paper considers the question of providing effective feedback of vehicle dynamic forces to a pilot in haptic teleoperation of aerial robots. We claim that the usual state-ofthe-art haptic interface, based on research motivated by robotic manipulator slaves and virtual haptic environments, does a poor job of reflecting dynamic forces of a mobile robotic vehicle to the user. This leads us to propose a novel force feedback user interface for mobile robotic vehicles with dynamics. An analysis of the closed-loop force-displacement transfer functions experienced by the master joystick for the classical and the new approach clearly indicate the advantages of the proposed formulation. Both the classical and the proposed approach have been implemented in the teleoperation of a quadrotor vehicle and we present quantitative and cognitive performance data from a user study that corroborates the expected performance advantages.
I. INTRODUCTION
Force feedback or haptic teleoperation of remote robotic devices is a classical topic in robotics. The benefit of haptic feedback in teleoperation applications that require precision and skill of the user is well established [18] , [4] , [8] , [24] , [22] . The utility of force feedback in teleoperation of mobile vehicles is less well studied. Obstacle avoidance and trajectory guidance control algorithms have been studied for terrestrial wheeled vehicles [5] , [6] with force feedback generated by artificial force fields, typically virtual potentials or spring-damper models associated with environmental interaction, that provides the user with a haptic sense of the local environment. In 2002, Lee et al [14] provided a user study that indicated that haptic feedback made a significant difference in the performance of a user in navigating through a complex obstacle strewn environment.
The utility of force feedback for teleoperation of a helicopter has been studied at Delft University of Technology over the last six years [2] , [12] , [10] , [9] , [11] . This work has shown that a simple virtual potential or spring damper system does not provide good haptic cues to the pilot for obstacle avoidance. Instead they use ideas based on the generalized potential field that compares estimates of time-to-contact and maximum stopping time to produce a force that becomes noticeable only when the vehicle is performing a manoeuvre that may lead it to come close to collision. Recent work by Brandt [3] also finds a similar time-to-contact cue to be the key to provide good haptic feedback to the pilot. Work by the authors of these papers [15] , [20] has used optic flow as a direct cue for teleoperation of terrestrial wheeled vehicles and aerial vehicles. The spherical divergence of an optical flow field for a moving vehicle is closely related to timeto-contact and the behavior of the system is qualitatively the same as that obtained in [2] , [3] , [12] with the added advantage that it is derived from a vision system, one of the lightest, most robust, exteroceptive sensor systems available for an aerial robot.
Although there are a range of works [2] , [12] , [10] , [9] , [11] , [15] , [20] , [3] concerning haptic rendering of exogenous forces to aid obstacle avoidance and task performance for aerial robotic vehicles, the authors are not aware of any work based on rendering the inertial forces of the vehicle.
In this paper, we propose a novel haptic control scheme that offers better representation of the dynamic force of mobile robotic vehicles in haptic teleoperation with a particular focus on aerial vehicles. The proposed approach is achieved by configuring the haptic joystick to control its position via closed-loop control to a set-point derived from the velocity feedback from the slave robot, and measure force applied by user as the control reference input to the robot. The proposed approach is different from the classical approach in which the position of the master joystick is used as input to the robot and the force applied to the joystick is derived from data received from the slave vehicle. The velocity of the vehicle is estimated by a velocity observer using absolute position and attitude measurement from a VICON visual tracking system to regulate the position set point of the joystick, providing the pilot with a feel for the motion of the vehicle. The force applied to the joystick is measured and used as the velocity set point for the velocity controller of the aerial robot. In this way the pilot 'feels' the force applied to and the motion of the vehicle in a natural manner. Initial analysis indicates that the resulting controllability of the vehicle is significantly enhanced, and pilots have a better perception of vehicle's motion and dynamics. A full factorial user study was carried out on a robotic experimental platform to verify that the proposed haptic interface performs significantly better than the state-of-art approach in both quantitative and cognitive measures.
The remainder part of this paper is organized as follows. Section II describes the problem formulation along with a review of the state-of-art approach for haptic teleoperation of mobile robots. We also provide an analysis of user perception of motion by considering the transfer function from pilot input to reflected force. The proposed approach is presented in Section III. An analysis of the pilot interface transfer function, in this case from force input to position of the master joystick is provided and compared to the classical joystick control case. The results from the full factorial user study carried out on the robotic experimental platform are presented in Section IV. A short summary is provided in Section V.
II. PROBLEM FORMULATION
This section reviews the state-of-the-art approaches in teleoperation of mobile robots, and provides an analysis of user perception of vehicle dynamic forces.
A. State of the art haptic control
In teleoperation of mobile robots, especially under actuated highly dynamic vehicles such as quadrotors, the mobile robots' dynamics are typically modeled by a simplified second order systemẋ
where x is the position of the vehicle, v is the velocity and f is the force applied to vehicle. The quadrotor attitude dynamics are separately controlled using a high gain attitude control loop [19] , [16] . The low damping coefficient of the system dynamics and the infinite workspace of the slave still demands careful design of the haptic teleoperation interface to assist the human operator with the control of aerial robotic vehicles [10] , [12] , [11] , [13] . The most common teleoperation scheme is to map position of the master joystick to a velocity reference that is the set point for a local controller onboard the vehicle. Haptic feedback to the pilot is provided by setting force feedback on the master joystick. There is no natural passive choice for the master joystick force feedback since the position of the master joystick and the position of the slave vehicle are only coupled through velocity set point control [23] . As a consequence the system engineer has considerable latitude in choosing the force cues that are reflected to the pilot.
There are two basic variations of velocity haptic control that are common in the literature. For car-like vehicles evolving in the x-y plane with nonholonomic kinematics, the different degrees of freedom in the master joystick are assigned to control of separate linear and angular velocities of the vehicle. The most common assignment for a typical car-like vehicle iṡ
where k 1 , k 2 and k are the scaling factors between position of master device ξ = (ξ x , ξ y ) and velocity reference inpuṫ θ ref ,ẋ ref and the gain for force feedback f respectively, and the termẋ and θ denote the current state of the slave system. The most common assignment is forward backward motion of the joystick controlling linear velocity while sideways motion of the joystick is mapped to steering control, or angular velocity set point, of the vehicle. Force feedback to the pilot is typically either environmental force [14] or the haptic boundary [1] .
The second approach considers systems without nonhonolonomic constraints such as aerial robotic vehicles. In this case the master joystick position is mapped directly to the 3D velocity set point for the slave controller.
The force feedback in this case reflects the difference between the reference input and the current state [21] , [7] , [17] , [13] .
B. Analysis of user perception of motion
In this section, we analyze the 'feel' of the most common framework used in the literature, the force feedback architecture defined by Eqn. 3 [21] , [7] , [17] , [13] . The system architecture considered is shown in Fig. 1 . Note that we are focused on the free space dynamic response of the vehicle in this paper and the force reflection f := k(ẋ ref −ẋ) is based on the velocity tracking error as is the usual practice [21] , [7] , [17] , [13] .
To analyze the feel of the pilot interface, we will consider the linear response of the system at a pseudo-equilibrium (constant velocity trajectory) and compute the transfer function from input (position of master device) ξ to the output (force reflection) f . One has that
Denote the linear approximation of the vehicle dynamics around a pseudo-equilibrium by G(s). Denote the linear response of the control by C(s), then the closed loop velocity regulation system on the aerial vehicle is given bẏ
In order that the pilot interface is intuitive, the closed loop velocity response must be stable and is generally assumed to have DC gain 1, that is to achieve exact tracking for constant reference. Due to physical limitations of the system, the closed-loop system will have a natural bandwidth ω BW beyond which the tracking performance will degrade. A straightforward computation shows that the pilot interface transfer function becomes
Equation 6 indicates that the user perception transfer function is equal to the sensitivity function of the closed loop velocity regulation of the mobile vehicle. Based on the assumption that the closed-loop velocity regulation loop has unit DC-gain and bandwidth ω BW , the bode plot of the frequency response of the user perception transfer function will have the form shown in Fig. 3 . Note that for low frequencies the system response is highly attenuated. This corresponds to the fact that for slow manoeuvres the vehicle tracks the demanded reference accurately and there is little or no force feedback to the pilot. Effectively, the system is operating in pure feedforward teleoperation mode. For high frequencies, above those of the bandwidth of the closed-loop frequency tracking response, the user transfer function response is unit gain. This corresponds to inability of the vehicle to track the input of the pilot. Effectively the joystick will feel like a spring to the pilot. The most worrying aspect of this analysis is the lowfrequency response of the user transfer function. In the range of frequencies that a pilot will typically be controlling the vehicle, the force feedback is not active, providing the pilot with no feedback for the inertial dynamics of the vehicle.
Remark: In practice, many of the existing force feedback teleoperation schemes in the literature [7] , [20] , [15] , [9] have focused obstacle avoidance. For the common user interface design, at low frequencies the pilot will feel the exogenous haptic forces associated with obstacle avoidance and other haptic cues even though they don't feel the vehicle inertia. As such the common user interface may well be ideal for a range of important applications where vehicle dynamics are not important, or the control scheme is capable of dominating the dynamic response of the vehicle.
III. NOVEL APPROACH FOR REPRESENTATION OF VEHICLE DYNAMICS
In this section, a novel new approach is proposed to enable a human operator to perceive the vehicle dynamic states.
A. Novel approach
The approach is based on the idea of servo-control of the joystick to control position of the master device while measuring the force applied by the pilot on the joystick and using this signal to set the reference signal for the mobile vehicle. Effectively, we propose a reversal of the causality of the master joystick: we measure force and servo position, while the standard approach measures position and servos the force. The force on the joystick must either be measured using a force sensor or, if the master joystick is a typical impedance haptic device, by measuring the force input generated by the servo control system to achieve the position set point regulation.
We propose to continue using the local velocity tracking control implemented on the mobile vehicle. Thus, the referenceẋ ref for the vehicle velocity is a scaled version of the joystick force f applied, while the set point for the joystick is a scaled version of the vehicle velocitẏ
Following the same approach discussed in Section II, we consider the pilot interface transfer function for the proposed approach. In this case the input is the force f while the output is the master joystick position (see Fig. 3 ). One has
The system transfer function is given by
where G(s) and C(s) denote the system and the corresponding velocity controller of the aerial vehicle . Equation 9 is the complementary sensitivity function of the closed-loop velocity system for the mobile vehicle. That is the pilot will 'feel' the actual closed-loop system response. For low frequencies we see that the complementary sensitivity has gain k 1 k 2 , corresponding to the case where the pilot applies a force that is converted into a velocity reference and then feels the displacement of the joystick corresponding to the vehicle velocity. In this sense the pilot has direct feedback of the actual motion of the vehicle in the range of frequencies where they will normally be operating the vehicle. At high frequencies, above the bandwidth response of the closed-loop velocity tracking system, the system response attenuates. This corresponds to the pilot pushing on the joystick without causing it to move, corresponding to the failure of the system to track the demanded input.
We claim that the analysis provided indicates that the proposed framework for haptic force feedback teleoperation of mobile robotic vehicles has the potential to significantly improve the pilots' perception of the vehicle motion for dynamic systems. We claim that position is a better feedback cue for the velocity of the vehicle than force. Indeed, we believe that the main reason that the commonly implemented force feedback approach works at all is that the master joystick position corresponds to the vehicle velocity in the normal operating conditions, although we note that obstacle forces may well be effectively represented. In the proposed approach the correspondence between force applied to the vehicle and response of the vehicle is fundamental in the formulation and is the key to the intuitive appeal of the approach for pilots.
An added advantage of the proposed approach is that the pilot can set a zero velocity reference trivially by releasing the joystick, and consequently applying zero force. This is not possible in the force feedback framework as the joystick has to be recentered in the master workspace to set zero input, a process that can be difficult without adding additional centering potentials into the master joystick dynamics. This can be of material advantage if the pilot becomes confused or disoriented; releasing the joystick allows the vehicle to stabilize using its autonomous stability regulation and allows the pilot to recover their sense of the vehicles location.
IV. USER STUDY
In this section we present results from a user study that demonstrates the effectiveness of the proposed control architecture.
A. Robotic experimental platform
The haptic teleoperation system is implemented on a Mikrokopter quadrotor flying robot aided with VICON visual tracking system running at 200Hz. The VICON system provides absolute position and attitude with respect to the reference frame of the VICON workspace. A velocity observer is implemented to estimate the robot's velocity for a velocity controller. All four effective free degrees of freedom of the quadrotor are fully controlled. Velocity controllers for the three translational axes are applied and a position controller is used for the yaw angle control.
The master device used is the Novint Falcon 3D joystick. A high gain PID controller is implemented to servo control the position of the master joystick to the reference position ξ ref . The Bandwidth of the servo control response is in the order of 20Hz and is almost imperceptible to the pilot. The joystick is mounted to exploit the natural mechanical impedance of the device and have homogeneous impedance within x-y plane and stiffer impedance in z-motion. A customized grip is added to the joystick that provides an additional degree of rotation in the z-axis of the device (see Fig. 5 ). This degree of freedom is equipped with an encoder to capture angle set point that is used as the reference for the yaw control of the quadrotor. The yaw axis on the master joystick is not force controlled.
All control commands are sent to an uplink module where they are converted into PPM signal and sent to the robot through the standard radio transmitter. A pilot override is available on the control handset to override the automated control.
The vehicle is equipped with an onboard analogue video camera with a 60 degrees field of view. The video stream is routed through a 5.8Ghz wireless video transmitter that is captured in the video capture card of the base station and displayed for the pilot. The system architecture is shown in Fig. 4 .
The dimensions of the flying area are 4 meters by 5 meters by 2 meters. There are two internal walls of 1.2 meters in height and 2.4 meters in length, see Fig. 6 , that provide a cluttered environment in which the pilot must manoeuvre the vehicle. Due to the limited workspace, the maximum velocity of x-and y-axis is limited to 0.5m/s, and there is also a boundary with the maximum and minimum altitude of 1.8 meters and 0.2 meters to avoid the robot flying outside the testing area.
A preliminary experiment was conducted to verify the concept of the proposed approach and to investigate the performance of slave's velocity controller. The flight data was recorded and shown in Fig. 7 . The force measured on master device is mapped to velocity set point shown as the green curve in the figure. According to Newton's third law, the pilot feels the force input to the vehicle as an reaction force of the joystick on their hand. The slave's velocities are shown in blue curve in Fig. 7 and track the force reference provided by the pilot. Note the phase lag, due to the Bandwidth limitations of the closed-loop velocity control in the tracking response. The master device's position is shown by the red curve. Recall that the master position is servo-controlled to track the velocity reference provided by the slave. Due to limitation of the joystick force actuation, it is common for the pilot to push the joystick away from exact tracking of the vehicle velocity by applying more force than the joystick can compensate. This does not destroy the overall effectiveness of the haptic interface.
B. Experiment and environment setup
We carried out a series of experiments to investigate and compare the performances of the classical force feedback approach (Interface A) and the novel position feedback approach (Interface B). A full factorial experiment design was performed, with 6 subjects across 2 factors, to eliminate any bias in the results. None of the subjects have prior experiences in piloting remote controlled aeroplanes. There is no trial session available for subjects to learn different control schemes.
Each subject completed two separate tasks. Firstly, a positioning task was considered where the goal was to move the vehicle from rest to a stationary set point and stabilize the vehicle at the new position as quickly as possible. Two quantitative measures were taken from each transition: Rise time was the time the subject used to manoeuvre the robot from 90% distance between targets to 10% distance between targets. Settling time was the time the subject used to fly the quadrotor from the current target to the next target and stabilize the vehicle in front of the target within a 5% error of the distance between targets. Three stabilizations and two transitions of the vehicle were completed for each subject for both control schemes. Subjects were prompted by auditory signals to indicate the position of the vehicle, e.g. in front of target, not in front of target, transit to next target. The second task was a path following task where the goal was to manoeuvre the vehicle around a predefined path through a cluttered 3D environment as quickly and effectively as possible, without colliding with the environment. A single transit of the path was undertaken for each subject. The total flight time and average velocity of the flight were taken as the measures to evaluate the performance of each control scheme in achieving smooth and fast path following.
C. Experimental results
The flight data was logged for quantitative analysis and the NASA Task Load Index (TLX) questionnaire was completed by each subject after each scheme to obtain a qualitative measure of user perception of the system response. For the positioning target task, we use the step response of the transition between targets to provide rise time and settling time metrics to evaluate user performance. It is more difficult to determine effective metrics for the path following task and we have used total time and average velocity of the flight, although it is clear that these two metrics will be somewhat confounded in the statistical analysis.
The cognitive load data and flight data of positioning target and path following are shown in Table I and II. For rise time, settling time, total time data and task load index, lower values correspond to better performance; while higher average velocity correlates to fast and smooth flight that implies better performance. The mean and standard deviation of the flight data and task load index are shown in Fig. 9 .
Since the experiment has small sample size, normal quantile plots are provided in Fig. 8 to assess the normality of the data sets. The rise time distribution appears well modelled by a normal distribution, while the normal assessment for average velocity and total flight time are justifiable, although there is minimal data. The settling time distribution is clearly heavy tailed and the T-test results given in the sequel must be regarded with care. To determine the relative performance of the interfaces, two-sample T tests with heterogeneous variance for each experimental case were conducted. The null For a significance level of α = 0.05, the corresponding T value is 2.18. Regarding Table I , it follows that both the rise time and settling time variables show statistical significance to reject the null hypothesis. That is we can be 95% confident that the means are different and demonstrably that Interface B outperforms Interface A. Indeed, the rise time variable shows a 99% confidence in the performance advantage of Interface B. The TLX for the positioning task shows no statistical significance.
Considering Table II , we see that the T values do not support an α = 0.05 significance level conclusion. Both the average velocity and TLX scores support the performance advantage of interface B over interface A, however, only with a significance level of α = 0.20. The total flight time T test shows no significance. Note that due to the nature of the experiment (each subject undertook 2 transitions in positioning task, but 1 complete fight through environment in path following task), there were half as many sample for the path following experiment as for the positioning experiment. The statistical variables of path following task has correspondingly lower T values. The effect of the sample size is particular visible in Fig. 9 for TLX results that appear statistically significant, although the T-test is not as definitive as would be expected by looking at the Figure. 
D. Discussion
The experimental results obtained show clear evidence of the superior performance of Interface B in the positioning task. This is shown in both the rise and settling time metrics. Interestingly, although the quantitative measures showed significant advantages in the proposed interface, there was no noticeable difference seen in the cognitive load associated with the two interfaces, as measured by the TLX index. It seems likely that the slow speeds associated with the positioning tasks meant that the force feedback interface was operating in feedforward mode, and the correspondence of position of the joystick to slave velocity leads to the same cogitative understanding of the vehicle motion. The clear quantitative advantage of the proposed interface is most likely associated with the ability of the pilot to stabilize the vehicle by simply releasing the joystick, whereas for the force feedback interface, they must find the zero position of the master joystick for the slave to stop moving.
For the path following experiment the TLX score indicates that there may be a significant effect in the pilot perception of the feel of the joystick when the vehicle is moving. The TLX survey is a qualitative set of questions that is known to have very high variance in practice and be difficult to obtain significant results. The fact that there is any effect visible in the data is highly encouraging. Although there is insufficient data in the present experimental sample to make definitive claims at the moment, we believe that these results show evidence that Interface B is providing better sense of the vehicle motion to the pilot than Interface A. The metric data for the path following variables is far more difficult to analyze than that obtained for the positioning experiment. The average velocity data appears to indicate an effect may be present, while the total time shows no significant effect. The position feedback of Interface B may provide the pilot a better sense of the velocity of the vehicle, leading to smoother velocity trajectories of the slave. Further experimental data is required to make any definitive conclusions in this direction.
V. CONCLUSIONS
In this paper, we have proposed a novel interface, based on position feedback and force measurement, for haptic teleoperation of aerial robotic vehicles. We provide a system analysis that indicates that the proposed approach will provide a pilot with a better feel for vehicle dynamics than the more common force feedback interface used in literature. A small scale user study was carried out to investigate the performance of the proposed approach and the state of the art approach. Results support the claims of the analysis and indicate that the proposed approach outperforms the accepted interface in literature.
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